Background: Studying the impact of genetic testing interventions on lifestyle behaviour change has been a priority area of research in recent years. Substantial heterogeneity exists in the results and conclusions of this literature, which has yet to be explained using validated behaviour change theory and an assessment of the quality of genetic interventions. The theory of planned behaviour (TPB) helps to explain key contributors to behaviour change. It has been hypothesized that personalization could be added to this theory to help predict changes in health behaviours. Purpose: This systematic review provides a detailed, comprehensive identification, assessment, and summary of primary research articles pertaining to lifestyle behaviour change (nutrition, physical activity, sleep, and smoking) resulting from genetic testing interventions. The present review further aims to provide in-depth analyses of studies conducted to date within the context of the TPB and the quality of genetic interventions provided to participants while aiming to determine whether or not genetic testing facilitates changes in lifestyle habits. This review is timely in light of a recently published "call-to-action" paper, highlighting the need to incorporate the TPB into personalized healthcare behaviour change research. Methods: Three bibliographic databases, one key website, and article reference lists were searched for relevant primary research articles. The PRISMA Flow Diagram and PRISMA Checklist were used to guide the search strategy and manuscript preparation. Out of 32,783 titles retrieved, 26 studies met the inclusion criteria. Three quality assessments were conducted and included: (1) risk of bias, (2) quality of genetic interventions, and (3) consideration of theoretical underpinnings -primarily the TPB. Results: Risk of bias in studies was overall rated to be "fair." Consideration of the TPB was "poor," with no study making reference to this validated theory. While some studies (n = 11; 42%) made reference to other behaviour change theories, these theories were generally mentioned briefly, and were not thoroughly incorporated into the study design or analyses. The genetic interventions provided to participants were overall of "poor" quality. However, a separate analysis of studies using controlled intervention research methods demonstrated the use of higher-quality genetic interventions (overall rated to be "fair"). The provision of actionable recommendations informed by genetic testing was more likely to facilitate behaviour change than the provision of genetic information without actionable lifestyle recommendations. Several studies of good quality demonstrated changes in lifestyle habits arising from the provision of genetic interventions. The most promising lifestyle changes were changes in nutrition. Conclusions: It is possible to facilitate behaviour change using genetic testing as the catalyst. Future research should ensure that high-quality genetic interventions are provided to participants, and should consider validated theories such as the TPB in their study design and analyses. Further recommendations for future research are provided.
Introduction
Since decoding the entire human genome in 2003 [1] , there have been considerable advances in genetic research and the clinical utility of genetic testing. The terms nutri genomics or nutritional genomics describe the study of how genes interact with the foods, beverages, and supplements consumed to influence health outcomes [2] . Currently, there are no generally accepted or standardized terms describing the study of how genes interact with physical activity, sleep, or smoking to influence subsequent health outcomes. These gene-lifestyle interactions can be referred to using the broad term lifestyle genomics. Despite the lack of a standardized terminology, research pertaining to nutrigenomics and other emerging genomic sciences continues to advance. Specifically, behaviour change guided by genetic testing results or other personalized healthcare information is emerging as a priority area of research, with several reviews on this topic published in recent years [3] [4] [5] [6] .
Genetic testing is increasingly used in clinical practice to provide personalized information and recommendations about health risks and lifestyle habits at a relatively low cost [7] . However, studies assessing whether or not genetic testing promotes changes in lifestyle habits have conflicting findings [8] [9] [10] [11] . Given that chronic diseases can often be managed through lifestyle interventions alone, or a combination of lifestyle interventions and medication [12] [13] [14] , genetic tests providing personalized lifestyle recommendations hold considerable promise.
Behaviour change is a multifactorial, complex area of research and clinical practice. The theory of planned behaviour (TPB) is arguably the most widely accepted behaviour change theory in academia [15] . This theory posits that attitudes, subjective norms, and perceived behavioural control are key constructs that can be used to predict behaviours. Actual behavioural control, which typically refers to factors such as income, educational level, and other social determinants of health for the purposes of healthcare research, further contributes to one's likelihood of performing a behaviour [15, 16] . It is important for genetic testing behaviour change research to consider validated theories in order to control for a number of confounding factors that could significantly influence the results of a study.
Despite the complexity of behaviour change, genetic testing behaviour change studies do not often use any theoretical underpinnings to inform their study design, or for the analysis and interpretation of their data. This is concerning, as it implies that these studies did not report whether they considered the many confounding factors impacting behaviour change, including but not limited to attitudes, subjective norms, and perceived and actual behavioural control [17] . Consideration of such factors could help explain why some studies conclude that genetic testing facilitates health behaviour change, while others conclude that it does not. For example, a study may find that genetic testing has a positive influence on attitudes and subjective norms, but it is only when behavioural control is high (for example, with a higher income or education level) that genetic testing facilitates health behaviour change. The importance of such considerations has been highlighted in a recent call to action for personalized healthcare behaviour change research, which recommended the completion of a systematic review with perspective from the TPB as an important next step in advancing knowledge in personalized healthcare behaviour change literature [18] . Systematic reviews and meta-analyses are typically considered the highest quality of scientific evidence and, notably, often guide clinical practice [19] . When it comes to systematic reviews assessing behaviour change as a result of genetic testing interventions, a simple risk-of-bias assessment is not sufficient to develop the most meaningful conclusions; yet it is often the only quality assessment conducted in this type of work [3, 5, 6] . It is further im-portant to consider the delivery of a health/genetic intervention (such as considering the provision of disease risk estimates vs. actionable behaviour change recommendations) and to consider behaviour change theories [18] . Therefore, the development of more comprehensive methods for reviewing and compiling the primary research articles conducted to date related to genetic testing behaviour change is needed.
The present review provides an in-depth analysis and summary of the current body of knowledge, thus presenting the most robust and comprehensive review of genetic testing behaviour change research conducted to date. Overall, the purpose of this comprehensive systematic review is to use these novel perspectives to answer the following research questions: Are we considering validated behaviour change theory (particularly the TPB) in genetic testing behaviour change research? Are we using highquality genetic interventions in genetic testing behaviour change research? What is the impact of genetic testing on behaviour change pertaining to four lifestyle factors: nutrition, physical activity, smoking, and/or sleep? These four lifestyle factors were chosen as they have all been shown to have a significant impact on chronic disease management [20] [21] [22] [23] [24] . Behaviour change is challenging, and it is important to find strategies that effectively facilitate beneficial lifestyle changes related to nutrition, physical activity, smoking, and/or sleep. Genetic tests may provide information on disease risk, which can be mitigated through specific alterations in lifestyle habits such as improving nutrition, optimizing physical activity habits, quitting smoking or smoking less, and engaging in healthful sleep-related behaviours.
Methods

Search Strategy
The systematic review protocol that was used to guide this review is detailed elsewhere [25] . In brief, the search strategy was guided by the PRISMA Flow Diagram [26] . From February to April 2017, the following databases were searched for relevant articles: PubMed, Scopus, and Nursing & Allied Health. Publications posted on the Food4Me website [27] , as well as the reference lists of 4 recent review articles published on topics similar to those of the present review [3] [4] [5] [6] , were also screened for articles relevant to the research questions. After the number of records had been condensed through title and abstract screening, the full-text articles were reviewed to assess each one for eligibility according to predetermined inclusion and exclusion criteria. The complete search terms and search strategy were developed and approved by all authors, and they are detailed in Figure 1 and Figure 2 , respectively.
Selection Criteria
To capture a comprehensive summary of the research conducted to date, the present review was not limited to a single, specific study design. We included primary research articles published in English in peer-reviewed journals from all years which assessed the impact of genetic testing on one or more of the four lifestyle habits of interest (nutrition, physical activity, smoking, and/or sleep). Both qualitative and quantitative studies were included. Studies were excluded if there was not at least one group of participants who underwent genetic testing and/or if the study did not provide follow-up data related to one or more of the lifestyle habits of interest after the participants had received the results of a genetic test. One author (J.H.) completed data extraction using piloted forms [28] , which were tested on 4 studies, reviewed by another author (J.G.), and modified during the piloting process by two authors (J.H. and J.G.).
Analysis
The National Institutes of Health (NIH) Study Quality Assessment Tools were used to conduct a risk-of-bias assessment in quantitative research [29] . The Critical Appraisal Skills Programme Qualitative Research Checklist [30] was used to assess risk of bias in qualitative research. The quality of the genetic intervention was also assessed. To our knowledge, there currently is no tool available for assessing the quality of a genetic intervention. As such, we developed the first assessment tool for evaluating the quality of a genetic intervention provided to subjects (online suppl. Table 1 ; see www.karger.com/doi/10.1159/000488086 for all online suppl. material). The quality rating and general outline for this new tool was based on the format of the NIH Study Quality Assessment Tools [29] . The questions included were developed from a review of previously identified critiques and concerns related to genetic testing and health risk messages [11, [31] [32] [33] [34] [35] [36] [37] [38] .
Consideration of the main components of the TPB (attitudes towards a behaviour, subjective norms, behavioural control, and intention) [17] , as well as consideration of theory more generally, was assessed using deductive content analysis of the manuscripts [39] . The deductive content analyses of consideration of the TPB and its key components in each study was then translated into a rating, based on the rating system generated in the NIH Study Quality Assessment Tools, whereby "good" indicates a robust consideration of the main components of the TPB, "fair" indicates intermediate consideration of the main TPB components, and "poor" represents little to no consideration of the main TPB components. An overall quality score was assigned to each article based on a point system, where "good" ratings were awarded 3 points, "fair" ratings were awarded 2 points, and "poor" ratings were awarded 1 point. The maximum possible overall quality rating was 9/9, upon consideration of all three assessments.
Results
The comprehensive electronic literature search returned a total of 32,783 results, with 26 studies meeting the predetermined inclusion criteria. In these 26 studies, the following outcomes were assessed: nutrition (n = 18), physical activity (n = 16), and smoking (n = 12) (Fig. 1) , with 14 articles assessing more than one lifestyle habit of interest to this review. The vast majority of the literature has been published over the past decade, with a large spike in publications recently in 2015 (online suppl. Fig. 1 ). Consistent with recommendations for systematic reviews [25] , our review was analytic and descriptive in nature and included: (a) a tabulation of the study characteristics and findings (Table 1) ; (b) a thorough and robust quality assessment (Table 2) ; and (c) a narrative synthesis. Research conducted thus far has focused on a variety of genes, as outlined in Table 3 . It is concerning to note that 12 studies (46%) did not report whether or not the authors had a conflict of interest (COI). The vast majority of the literature has focused on genetic testing for determining the risk of developing certain diseases or conditions (88%; n = 23), while only a small number of studies have focused on nutrient metabolism (12%; n = 3), which indirectly affects the risk of developing diseases or conditions [40] [41] [42] . The three separate quality assessments completed on each study are summarized in Table 2 . Risk of bias was overall rated as "fair."
Are We Using HighQuality Genetic Interventions? Although some risk of bias is apparent, the ratings for the quality of the genetic interventions were more con- cerning, since overall the ratings were "poor" and only 6 of the 26 studies (23%) received a "good" rating. Thus, it is clear that the studies did not provide high-quality interventions to their participants, which helps to explain why the majority of studies did not report that genetic interventions facilitated lifestyle behaviour change.
Are We Considering Validated Behaviour
Change Theory? Consideration of the TPB and/or one or more of the theory's three key components had mode overall ratings of "poor." The deductive content analyses of the theoretical underpinnings mentioned in the studies are summarized in online supplementary Table 2 . Fifteen studies (58%) did not make reference to any specific behaviour change theory or model within the text. When a theory was included, it was generally only briefly mentioned and was not thoroughly incorporated into the study design, or expanded upon in the discussion. No study specifically referred to the TPB, suggesting that researchers have yet to consider this important theory in their study design or interpretation of findings. Several studies incidentally considered certain aspects of the TPB in the development of their scientific methods or within the text, such as the consideration of behavioural control by assessing one or more social determinants of health, such as income [64] . Overall, behaviour change theory is not being thoroughly incorporated into genetic testing behaviour change research. 1 The rank of the study design is as follows, based on the categories of the NIH Quality Assessment Tools [29] in combination with consideration of the hierarchy of evidence [63] : 1 = controlled intervention study; 2 = observational cohort/cross-sectional study; 3 = case-control study; 4 = pre-post study with no control group.
2 Note: significance levels for this group of participants are reported in Bloss et al. [36] . [60] , 2006, used a "trained interviewer"; Hollands et al. [50] , 2009, used a "trained research counsellor." No studies found a detrimental effect of genetic testing on lifestyle change. P, statistically significant beneficial behaviour change(s); Δ, no statistically significant behaviour change(s); blank cells, lifestyle factor(s) of interest was/were not assessed; N/A, not applicable; TPB, theory of planned behaviour; PA, physical activity; HCP, genetic intervention offered through a healthcare provider; DTC, genetic intervention offered direct to consumer; Other, another method was used to deliver the genetic intervention to the participants; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. 1 The rank of the study design is as follows, based on the National Institutes of Health Quality Assessment Tools [29] and the hierarchy of evidence pyramid [63] : 1 = controlled intervention study; 2 = observational cohort/cross-sectional study; 3 = case-control study; 4 = pre-post study with no control group.
2 n = x indicates the total number of studies included in the summary; modes are reported for each of the three quality assessment ratings; x/x indicates the number of beneficial behaviour change findings/the total number of studies (note: several studies included multiple analyses such as those with more than one follow-up time point, and those assessing more than one lifestyle factor of interest); the overall quality score is represented as a mean. 3 Three studies did not provide information about whether or not actionable recommendations were provided.
a High-risk genotype vs. control group. b Baseline to 6-month follow-up in high-risk genotype group. c Non-risk genotype vs. control group. d Genetic testing group vs. control group. e High-risk genotype group vs. non-risk genotype group. Overall. Given the heterogeneity of the literature and complexity of genetics-based behaviour change research, a cause-and-effect relationship between genetic testing and health behaviour change cannot be identified. Notably, it appears that it is unlikely that genetic testing has a "fatalistic" or negative impact on health behaviour change related to nutrition, physical activity, and smoking, since no study found that genetic testing negatively impacted the health behaviours of interest to the present review. Interestingly, 78% of the studies with health-promoting lifestyle behaviour change findings provided their participants with a genetics-based intervention that included actionable health behaviour recommendations. Examples of actionable recommendations provided to participants for each lifestyle factor included recommendations to reduce sodium intake (nutrition) [11] , incorporate exercise into one's daily routine (physical activity) [44] , and quit smoking (smoking) [24] . Conversely, only 50% of the studies with null findings provided their participants with actionable health behaviour recommendations. Since an overarching cause-and-effect statement about the impact of genetic testing on behaviour change cannot be made, a best evidence synthesis is provided below.
Nutrition. Of the 18 articles that assessed a nutritionrelated outcome, 6 (33%) showed a positive, health-promoting effect of genetic testing on behaviour change at one or more time points (both short term and long term, as further outlined in Tables 1 and 2 ). While this does not indicate that the majority of studies positively influenced nutrition, multiple studies of good quality have demonstrated that it is possible to facilitate healthier nutritional behaviours through the provision of genetic testing [8, 9, 11, 46, 49, 51] .
Physical Activity. The provision of genetic testing to facilitate physical activity behaviour change does not appear to be as promising as behaviour change related to nutrition. Of the 16 studies that analysed physical activity-related outcomes independently, only 2 (13%) found positive influences of genetic testing on physical activity [8, 49] , with follow-up periods ranging from 2 to 8 months in one study [49] and the periods not indicated in the other study (follow-up varied for each participant) [8] . However, these articles rated poorly in their overall quality assessment, with "poor" to "fair" quality ratings of 3 [8] and 4 [49] .
Smoking. Similar to nutrition, 4 (33%) of the 12 genetic intervention studies had a positive influence on smoking-related behaviours. However, improvements in smoking-related behaviours were generally only sustained over a short-term period. The overall quality of these studies was "fair."
Sleep. It is clear that sleep is an understudied area of genetic testing and behaviour change research, since our comprehensive search did not yield a single study that assessed sleep (sleep quality, hours of sleep, etc.) as a behaviour change outcome.
Pooled Analyses. Two studies completed pooled analyses of changes in more than one lifestyle factor. Chao et al. [65] did not find significant changes in nutrition or physical activity on their own, but when pooled together, there were significantly greater changes to nutrition and physical activity in the high-risk genetic testing group than in the non-risk and control groups. Additionally, in a pooled analysis of changes to nutrition, physical activity, or smoking, Egglestone et al. [8] found significant changes between the genetic testing group and the control group. However, their results should be interpreted with caution, as this study was awarded the lowest overall quality rating of 3 (Table 3) .
Results from Controlled Intervention Trials
While it is important to be comprehensive and consider all studies conducted on the topic of interest regardless of the research methods chosen, controlled interventions should be further highlighted and reviewed separately from other study designs given that this is the highest possible level of evidence for the original research included in the present review.
In total, 15 controlled intervention trials have been conducted over the past two decades. Approximately half of these studies (n = 7; 47%) found significant changes in nutrition and/or physical activity or in smoking at 1-3 time points included in the study. Consistent with the overall analysis, the controlled interventions found that nutrition was the most promising area of behaviour change, followed by smoking (short-term only).
The genetic interventions in the controlled intervention trials overall ranked "fair," demonstrating that in comparison to the result of the pooled analysis of all study designs, these studies provided their participants with higher-quality genetic interventions. This may help explain why 47% of the controlled intervention studies found significant changes in lifestyle habits resulting from the genetic intervention, compared to 36% of the studies using other study designs. The overall ranking of these studies was "fair," with a mean rating of 5.6 out of the highest possible score of 9. Risk of bias overall was DOI: 10.1159/000488086 "fair" and consideration of the TPB was rated to be "poor," which is consistent with the results of the analysis of all study designs combined.
Discussion
Given that decoding the entire human genome was the primary focus of genetic research until 2003 [1] , it is not surprising to find that the majority of studies included in the present review were published after this time, with only 2 studies published before 2003. Since then, much greater focus has been placed on genetic testing behaviour change research pertaining to nutrition, physical activity, and smoking. However, several studies included in the present review (46%) did not include a COI statement. Future research should ensure the inclusion of a COI statement given this concerning finding and given the increased emphasis in academia on the importance of considering COI in genetic testing and other research.
Improving one or more of the four lifestyle behaviours of interest to this review has been shown to have a beneficial effect on chronic disease management and general health and well-being [20] [21] [22] [23] . The present review indicated that improvements to smoking habits were promising in the short-term. This finding was consistent with that of a previously published systematic review of the impact of genetic notification on smoking cessation [66] .
While nutrition, physical activity, and smoking habits have been researched in multiple genetic intervention studies, sleep remains an understudied area of genetics and behaviour change. This is notable considering the substantial impact that sleep has on overall health and well-being. Current systematic reviews demonstrate a significant impact of sleep on cognition and emotion [67] , glycaemic control [22] , and overweight or obesity [23] , to name a few. To our knowledge, little is known about the ability of sleep to modify gene-associated health risks. Thus, future research should seek to first determine gene-sleep interactions that may influence health outcomes using methodologies similar to those of nutrigenomics research, as opposed to a genome-wide association study approach. Upon determining ways in which sleep may mitigate genetics-associated health risks, future research should then seek to determine if genetic testing helps to motivate healthy sleep-related behaviours.
The considerable heterogeneity in studies (Tables 1, 2) can be explained by a number of factors. Notably, the variation of statistical analyses between groups (i.e., genetic testing groups vs. control groups or high-risk genetic result groups vs. non-risk genetic result groups) would have impacted the findings and subsequent conclusions drawn. Consideration of theories in general to inform the study design was poor, and consideration of the TPB was absent, which further helps to explain the heterogeneity of findings, since several possible confounding factors were missed. Additionally, only 3 studies [9, 11, 43] focused on nutrient metabolism. Therefore, a future focus is needed on genetic interventions related to nutrient metabolism and the subsequent disease risk through genetic testing of modifier genes (genetic risks that can be mitigated through specific lifestyle changes), rather than genetics-based disease risk estimates where there may be no known lifestyle modifications that can alter the genetic risk. It is possible that nutrition was the most promising lifestyle factor for promoting health behaviour change given that genetic testing of modifier genes typically leads to the provision of actionable recom- mendations (e.g., the recommendation to reduce sodium intake [11] ).
It is important to note that our risk-of-bias results are consistent with the previously published literature [3, 6] , providing validation for the NIH quality assessment process completed in the current review. Effect sizes were not included in this review due to heterogeneity of the genetic interventions and study designs of the included articles that would have introduced potential flaws in effect size calculations and any conclusions drawn from such calculations. For randomized controlled trials, effect sizes have recently been presented elsewhere [3] , although these should be interpreted with caution due to the significant heterogeneity of treatments (genetic interventions), measurements of outcomes, and populations studied. To our knowledge, we have developed and utilized the first quality assessment tool for evaluating and rating genetic interventions. Future research should seek to utilize this novel tool and significant contribution to the literature to assess the quality of genetic interventions in both primary research and systematic reviews. Furthermore, the components of this tool can be used in future genetic testing behaviour change study design to improve the quality of genetic interventions provided to participants (online suppl. Table 1 ). Although the genetic intervention quality assessment was based on previously published robust research and critical commentaries [11, [31] [32] [33] [34] [35] [36] [37] [38] , assessing the quality of evidence supporting the genetic tests provided to participants was beyond the scope of the present review. This is an important area of future research and is a notable ethical concern of genetic testing.
This review provides the most comprehensive analysis of genetic testing behaviour change research completed to date. However, some limitations to the present review exist. While this review summarized whether the genetic information was delivered direct to consumer or through a healthcare provider (Table 3) , the practice of each provider is inevitably distinct. Some may incorporate behaviour change theory into their practice in order to maximally promote health behaviour change, while others may simply provide an explanation of the genetic results. This limitation further highlights the complexity of genetic testing behaviour change research. Additionally, the TPB was chosen as the key theory of interest given that it is one of the most widely accepted and validated theories of behaviour change, with over 4,500 publications referencing this theory and several meta-analyses finding that the key components of the TPB can be used to predict behavioural intentions with mean multiple correlations ranging from 0.59 to 0.67 [15, [68] [69] [70] [71] [72] [73] . However, a number of other theories have been validated and are frequently used in behaviour change research, such as the transtheoretical model [74] .
By improving upon genetic testing behaviour change studies, we anticipate the development of an algorithm that can be used to inform effective genetic testing behaviour change interventions for individuals who might benefit from this more personalized approach to healthcare. Indeed the limitations of genetic testing and the possible risk of harm [75] should be considered prior to an individual's decision to undergo genetic testing, especially in situations where one may learn about their risk of developing a disease, where actionable strategies for mitigating the risk are currently unknown [75] . Given that behaviour change is complex and multifactorial and studies have yet to robustly incorporate validated theory and high-quality genetic interventions into their methods, we cannot conclude with a broad statement about the impact of genetic testing on behaviour change. However, it is clear that it is possible to facilitate behaviour change through the provision of high-quality genetic interventions. Incorporating behaviour change theory into future research is an important consideration to enhance our knowledge in this field. Specific recommendations for study design have recently been published elsewhere [18] . An interdisciplinary research team with expertise in genomics as well as behaviour change may be the optimal approach given the complexities of this field of study. Considerable future research is needed in this promising and exciting area of lifestyle behaviour change research.
Conclusion
The use of validated theory to inform a robust study design [18] and the provision of actionable, high-quality, genetics-based information and advice is recommended to test a behaviour change hypothesis in genetics research. Rather than using the traditional systematic review process of assessing solely risk of bias, we have demonstrated that factors beyond risk of bias influence research outcomes related to genetic testing and behaviour change. As more robust literature continues to be published, allowing for the determination of key components of genetic interventions that best facilitate behaviour change, lifestyle genomics behaviour change research has the potential to make a substantial impact on global health and well-being through the facilitation of personalized, health-promoting lifestyle behaviour change.
